This review paper is focused on the area of titania nanocoatings prepared from sol-gel derived films by hot-water treatment under external reaction fields to design their functionality through the control of their surface morphology and crystallinity at low processing temperatures. First, the formation of titania nanocrystalline coatings at low temperatures by wet chemical procedures is briefly reviewed. Second, a concept of material design based on an external-field hot-water treatment for sol-gel derived films and the effects of the external fields on the formation of titania nanocrystals from the sol-gel derived films are discussed. Finally, promising characteristics of the resultant titania nanocrystal-dispersed coatings with unique morphology are described. External fileds of vibrations and electric voltages affect the nanostructure of titania crystallites formed on SiO 2 -TiO 2 gel coatings during hot-water treatment. Without the external fields granular anatase nanocrystals of 30-50 nm in size are formed on the coatings during the hot-water treatment, whereas the shape of the precipitates becomes sheetlike by applying a vibration to the substrate during hot-water treatment. Similar changes in shape of the precipitates on the coatings are also observed, and ramiform branchlike crystallites are formed at the negative electrode by applying an electric field between the substrates. The sheetlike and ramiform crystallites are mainly composed of a hydrated titania, mTiO 2 ऄnH 2 O, with the lepidocrocite-like layered structure with a d-spacing of 0.6-0.8 nm. Titania nanosheets are characterized by a large surface-to-volume ratio, which gives rise to the excellent wettability for water and antifogging properties. Processing temperatures for the preparation of the coatings are lower than 100c C under atmospheric pressure, so that the coatings have a great potential for applications to various substrates including organic polymers with poor heat resistance.
Introduction
S OL-GEL processing is a wet chemical route for the preparation of glasses, ceramics, inorganic-organic hybrids and nanocomposites from alkoxide-derived colloidal suspensions.
1,2 Sol-gel processing offers many advantages such as low process temperatures, production of highly pure, homogeneous materials and the design of pore size-controlled porous materials. Through sol-gel processing, monoliths, fibers, particles and coatings can be obtained from the colloidal suspensions. Among them, the formation of coatings is recognized as a promising application from the practical point of view, since coatings can be formed on various substrates such as glass, metal and plastic with a large surface area and nonflat geometry. The process is cost-effective in comparison with conventional vacuum coating techniques such as sputtering and chemical vapor deposition. The sol-gel functional coatings and their applications reported range, for example, from optical, chemical, mechanical and ferroelectronic coatings to micropatterning, electrochromic devices, photocatalysts, and biomedical applications.
The discovery by Fujishima and Honda of water splitting with a titania photoanode led to a wide variety of photoelectrochemical applications.
3 For instance, titania-based coatings have attracted much attention as photocatalysts in the decomposition of environmental pollutants, photoinduced superhydrophilic coatings, self-cleaning coatings, and electrodes for dye-sensitized photochemical solar cells. [4] [5] [6] [7] [8] [9] [10] [11] [12] The control of the nanostructures of the titania-based coatings further offers an exciting opportunity to enhance their unique physical and chemical properties. The performance of their photocatalytic reactions depends on the characteristics of the titania cryatallites, such as the size and surface area. Titania nanocrystals show higher photocatalytic activities than the bulk, since the nanosized crystals have a large surface area per unit mass which facilitates the diffusion of excited electrons and holes towards the surface before their recombination. A high dispersion of the nanocrystals in the host matrix without aggregation is also important to enhance the activity. A large surface area, high transmittance of UV light, and durability against photocatalytic activity are required for the host matrix in which the nanocrystals are dispersed. Silica gel is a candidate matrix for meeting these requirements. Therefore, several kinds of silica-titania nanocomposite coatings have been studied for photocatalytic, superhydrophilic and self-cleaning applications.
The sol-gel method is a promising technique for fabricating the titania nanocoatings of interest here. However, high-temperature processing is generally required to form nanocrystals in the coatings. For example, a heat treatment at temperatures higher than 300c C is necessary to form titania crystallites from homogenous, amorphous pure TiO 2 gel films and much higher temperatures of around 1000c C are needed for the crystallization for SiO 2 -TiO 2 gel films containing smaller amounts of TiO 2 . Thus, lowering of process temperatures for crystallization and control of the shape and phase of the crystallites are required to design the functionalities of the advanced titania-based nanocoatings by the sol-gel method. Over the past years, lowering of processing temperatures to form titania coatings with high crystallinity has been extensively studied because of the need to use organic polymer substrates that have poor thermal stability. We have reported that anatase TiO 2 is formed in sol-gel derived 83.5SiO 2 ऄ16.5TiO 2 by exposure to an environment of high temperature and high humidity. 13 The structural changes of the SiO 2 -TiO 2 coatings proceed as follows: 1 dissociation of Si-O-Ti bonds in the coating by the attack of water vapor, 2 formation of Ti-OTi bonds, and 3 nucleation and growth of anatase TiO 2 . The addition of an organic polymer, such as polyethylene glycol PEG, makes the resultant coating porous after heat treatment due to the thermal decomposition of PEG. This allows the formation of anatase nanocrystals not only at the surface but also inside the coatings. Imai and coworkers reported the formation of anatase in TiO 2 gel films by exposure to water vapor at 60-180c C using an autoclave, while heat treatments at higher than 400c C are required for crystallization in a dry atmosphere.
14,15 The exposed TiO 2 films become brittle with a decrease in the concentration of OH groups. They proposed an important mechanism wherein water vapor attacks strained bonds and induces a cleavage of the bonds through hydrolysis and a rearrangement of the network. More recently, Langlet et al. autoclaved TiO 2 gel films at 90-140c C under various waterethanol atmospheres. 16 Optimum crystallization was obtained for low water pressure in the range of 0.6-1.5 bar. Crystallization of TiO 2 gel film in an autoclave caused an increase in porosity, which reduced the abrasion resistance of the films. Anatase nanocrystallite films containing small amounts of the brookite phase have been prepared from PEG-containing titania gel films by a boiling-water treatment. 17 The nanocrystallite films consisted of anatase crystallites with dimensions on the order of 5 nm and showed good electrochromic performance. Anatase crystalline titania coatings with a grain size of about 20 nm successfully formed on cotton fabrics at low temperatures by boiling-water treatment under ambient pressure have been reported. 18 Such a titania coating on fabrics is promising for use as an antibacterial photocatalyst in the textile industry. Wu et al., reported that anatase of good crystallinity has been developed on Ti metal substrates by treating with H 2 O 2 aqueous solution at 80c C followed by soaking in distilled water at ambient temperature, subsequent aging in distilled hot water at 80c C. 19 The involvement of H 2 O molecules in the atomic rearrangement is considered to lead to the amorphous-to-anatase transformation. The anatase layer exhibits good bioactivity for inducing apatite deposition in a simulated body fluid.
Several low-temperature crystallization processes, other than boiling-water treatment for alkoxide-derived titania gel films, have been reported. Deki and cowokers showed that anatase thin films were prepared from NH 4 2 TiF 6 aqueous solution with added H 3 BO 3 by a liquid phase deposition at room temperature. 20, 21 The formation of anatase is based on the chemical equilibrium reaction between the metal fluorocomplex ion and the metal oxide in the aqueous solution. The anatase crystallite size for the transparent film was estimated to be 5-10 nm for the as-deposited film, and it increased to about 20 nm after a heat treatment at 600c C. Ichinose et al. reported that anatase films were prepared from peroxotitanium acid solution and peroxo-modified anatase sol by heat treatment. 22, 23 For the crystallization of anatase, about 250c C is necessary for the films derived from the peroxotitanium acid solution, whereas no heat treatment is needed for the films derived from peroxo-modified anatase sols. The peroxomodified anatase sols were originally prepared from peroxotitanium hydrate suspensions or peroxotitanium acid solutions with heating or autoclaving at about 100c C and have the advantages of nanosize arrowhead-like anatase precursors of high stability. Direct synthesis of rutile films on substrates at near room temperatures from TiSO 4 aqueous solution has been reported by Yamabi and Imai. 24, 25 The crystalline phase of titania is determined by the initial pH value and Ti concentration of the precursor solutions. The deposition rate dose not have a strong effect on the crystalline phase, whereas properties of anions as a ligand for Ti ions have a great influence on the morphology of the titania crystallites. An interesting evolution of a new morphology of films consisting of highly crystalline, rectangular parallelepiped rutile on the submicron scale has also been reported. 26 The rutile films are synthesized via hydrothermal treatments of aqueous TiCl 3 solutions containing a large amount of NaCl at 200c C.
2. Concept for designing titania nanocoatings by external-field hot-water treatment of sol-gel films We have shown that anatase nanocrystals are formed on sol-gel derived SiO 2 -TiO 2 coatings upon hot water treatment at 97c C for 1 h, as well as water-vapor treatment. [27] [28] [29] In the hot-water treatment, substrates with coatings are immersed into hot, pure water and kept at rest for a given time. The formation of anatase nanocrystals is rarely observed in the pure TiO 2 coating under the same conditions. PEG added to the gel coating is completely leached out in about 1 min of the hot-water treatment. Anatase nanocrystals are formed mainly on the surface of the coating without the addition of PEG, whereas the addition of PEG allows the formation of anatase not only on the surface but also throughout the inside of the coating. This can be ascribed to the porous structure of the coating after the leaching of PEG. High photocatalytic activities of the anatase nanocrystal-dispersed coatings have been demonstrated by the decomposition and oxidation of acetaldehyde, NOx, methylene blue, and potassium iodide. [30] [31] [32] Although it takes a longer period of time, considerable amounts of anatase nanocrystals are formed on the SiO 2 -TiO 2 coatings even at 38c C after a treatment of 65 h.
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The amounts of anatase nanocrystals formed by hot-water treatment are maximum for the SiO 2 -TiO 2 coatings with TiO 2 contents of around 25 molಚ. 34 The resultant coating shows high photocatalytic activity and excellent wettability for water. The high concentration of Si-O-Ti bonds and the hydrolyzed sites should facilitate the nucleation and growth of anatase nanocrystals.
Anatase nanocrystal-dispersed coatings can be formed on plastic substrates such as polyethylene terephralate, acrylic External-Field Hot-Water Treatments of Sol-Gel Derived SiO 2 -TiO 2 Coatings for Surface Nanostructure Control ââA Reviewââ péÉÅá~ä fëëìÉ Äó dìÉëí bÇáíçêëW kçîÉä j~íÉêá~äë aÉëáÖå~åÇ mêçÅÉëëáåÖ Äó bñíÉêå~ä åÇ fåíÉêå~ä oÉ~Åíáçå cáÉäÇë resin and polycarbonate. 35 The plastic substrates with coatings obtained without PEG show good weathering resistance owing to the protective effects of the residual silica-rich underlayer. In addition, hydrophobic and photocatalytically active surfaces have been successfully prepared using micropatterned anatase nanocrystal-dispersed coating and fluoroalkylsilane vapor deposition.
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The control of the nanostructures of the titania-based coatings further offers an exciting opportunity to enhance their unique physical and chemical properties. The control of the shape and phase of the titania crystallites, as well as lowering of process temperatures for crystallization, is required to design the functionalities of the advanced titania-based nanocoatings by the sol-gel method. Anatase formation in sol-gel derived SiO 2 -TiO 2 coatings during hot-water treatment proceeds through the hydrolysis of Si-O-Ti bonds, dissolution of the SiO 2 component, migration of hydrolyzed titania species, and nucleation and growth of TiO 2 . The SiO 2 -TiO 2 coatings are porous and have a large specific surface area, so that the gel coatings can easily react with water molecules in a very short time. The hydrolysis, dissolution and recrystallization are influenced not only by the physicochemical conditions such as temperature, pressure and pH of the solution, but also by external vector fields such as vibration, electric field, magnetic field, etc. The concept of designing the titania nanocoatings by an external-field hot-water treatment of sol-gel derived multicomponent films is illustrated in Fig. 1 . Water flow driven by vibration of the substrate is expected to change the collision rate between water molecules and the gel films and to induce a gradient in the concentration of hydrolyzed species. The hydrolyzed species exhibits an intrinsic surface charge in the solution. Therefore, electric field and magnetic field, as well as vibration, should influence the hydrolysis, dissolution and recrystallization of the gel films. Applying the above concept, i.e., design of materials by external-field hot-water treatment of sol-gel derived multicomponent films, we recently demonstrated that the shape of the precipitates elongated into nanosheets of hydrated titania upon applying vibration to the substrate during the treatment. 37, 38 It was also found that the shape of the precipitates on the coating at the negative electrode changed from granular to ramiform upon applying an electric field to the substrates during the treatment. 39 In the following sections, the new findings that sheetlike and ramiform titania nanocrystals are formed on SiO 2 -TiO 2 gel coatings by hot-water treatment under external vector fields, such as vibration and electric voltage, are described in detail. The similarities and differences in the formation of sheetlike and ramiform titania nanocrystals are discussed.
3. Advanced coatings prepared by external-field hot-water treatment and their characterization 3.1 Preparation of coatings by sol-gel process The chemical composition of 75SiO 2 ऄ25TiO 2 molಚ was selected for the starting gel films to compare the effect of the external fields on the formation of titania nanocrystals since the amounts of titania precipitated in the films during hotwater treatment are maximized at this composition. 34 Coating films were formed on various kinds of substrates by dipping withdrawing in ambient atmosphere. The preparation procedure is the same as reported in the literature.
37-39 Silicon tetraethoxide and titanium tetra-n-butoxide were used as the starting materials. Ethanol and hydrochloric acid are the solvent and catalyst, respectively. The substrates with the SiO 2 -TiO 2 coatings were dried at 90c C for 1 h in air. Nonalkali glass plates NA35, NH Techno Glass, silica glass péÉÅá~ä fëëìÉ Äó dìÉëí bÇáíçêëW kçîÉä j~íÉêá~äë aÉëáÖå~åÇ mêçÅÉëëáåÖ Äó bñíÉêå~ä åÇ fåíÉêå~ä oÉ~Åíáçå cáÉäÇë
plates Sumikin Ceramics & Quartz, indium tin oxide ITOcoated glass plates Nippon Sheet Glass and silicon wafers Mitsubishi Sumitomo Silicon were used as the substrates.
External-field hot-water treatment of coatings
In the case of vibration hot-water treatment, the substrates with coatings were immersed into 300 ml of hot water at 90c C with vibration of 0 to 25 Hz with an amplitude of 2.5 mm. A handmade apparatus consisting of a clip shaft, a transducer, a variable resistor and a direct-current power source was used to apply a given vibration to the substrate.
With regard to electric field hot-water treatment, a pair of ITO substrates coated with the SiO 2 -TiO 2 coating were placed in hot water at 90c C and then a DC voltage of 0 to 10 V was applied between the substrates which were facing each other at a distance of 1 cm.
Characterization of coatings
The changes in the texture of the coatings during hot-water treatment were examined using a field-emission scanning electron microscope FE-SEM, Model S-4500, Hitachi. The structures of the coatings and precipitates were identified using a field-emission transmission electron microscope FE-TEM, Model HF-2000, Hitachi, equipped with an energy dispersive X-ray spectrometer EDS, Sigma, Kevex. Electron-transparent specimens for the TEM examination were prepared using Ar ion milling. The thermal stability and phase transition of coatings were also examined using SEM and TEM. The average roughness and surface profile of the coatings were evaluated using an atomic force microscope AFM, Nanopics, Seiko Instruments. The thickness of the coatings was mainly evaluated using a surface profilometer TDA-22, Kosaka Laboratory.
Fourier-transformed infrared FTIR absorption spectra of the coatings on silicon substrates were measured in the transmission mode using FT-IR1650, Perkin-Elmer. Chemical analyses for the composition of the coatings were carried out by X-ray photoelectron spectroscopy ESCA-K1, Shimadzu. Ultraviolet-visible UV-Vis transmission spectra of silica glass or non-alkali glass substrates, one side of which was coated with a film, were obtained using V-560, JASCO.
Changes in the contact angle of water on the coatings with UV light irradiation were measured using a contact angle meter CA-C, Kyowa Surface Science. Photocatalytic activities of the coatings were evaluated from the results of photobleaching of methylene blue MB aqueous solutions and the amounts of photogenerated I 2 in potassium iodide KI aqueous solutions during UV irradiation.
Formation of sheetlike and ramiform precipitates
on coatings Granular, anatase precipitates are formed on the SiO 2 -TiO 2 coatings by hot-water treatment at 90c C without vibration, whereas the shape of the precipitates elongates by applying vibration to the substrate during the hot-water treatment. Longitudinal vibration is preferable for forming sheetlike precipitates compared with transverse vibration. The shape of the precipitates clearly becomes nanosheet-like upon hotwater treatment with longitudinal vibration of ca. 6 Hz. However, the amount of the nanosheet precipitate decreases with longitudinal vibration of ca. 10 Hz and almost no precipitates are formed above ca. 12.5 Hz. Typical SEM images of the formation of sheetlike precipitates with vibration of ca. 6 Hz during the hot-water treatment are shown in the lower image of Fig. 2 . The formation of granular anatase without vibration is also shown in the upper image of Fig. 2 for comparison. It is clear that the shapes and growth rates of the precipitates differ depending on the conditions. With vibration, nanosheet precipitates are preferentially formed on the coating at a lower growth rate during hot-water treatment. Such a phenomenon in the formation of titania precipitates in the SiO 2 -TiO 2 system upon hot-water treatment is not observed for the sol-gel derived pure TiO 2 coatings under the same conditions.
With respect to the effect of the electric field, the shape of the precipitates at the negative electrode changes from granular to ramiform upon applying a DC voltage to the substrate during the hot-water treatment, while such changes in the shape of titanaia nanocrystals are not observed at the positive electrode. SEM images of the surface of the coatings at the negative electrodes after hot-water treatment at 90c C for 5 h under various electric fields are shown in Fig. 3 . Granular precipitates grow to be ramiform and the precipitate concentration tends to decrease by applying an electric field of 3 Vcm ࢬ1 . When the electric field is 5 Vcm ࢬ1 , round and ramiform precipitates coexist. Ramiform precipitates become dominant and the shape becomes distinct when an electric field of 10 Vcm ࢬ1 was applied. The formation of ramiform precipitates upon electric-field hot-water treatment is also a unique phenomenon in the SiO 2 -TiO 2 system, which is not observed for the sol-gel derived pure TiO 2 coatings.
SEM images of the precipitates formed on the coatings a without external fields, b with vibration of ca. 6 Hz and c with an electric field of 10 Vcm ࢬ1 after the hot-water treatment for 5 h are shown in Fig. 4 . The shape of the titania precipitates is clearly influenced by the external field such as vibration and electric field. Sheetlike form is very distinct for the precipitates formed by vibration hot-water treatment. These results demonstrate that external-field hot-water treatment of multicomponent gel films is a promising method of fabricating functional nanocoatings with unique surface morphology. 
Identification of sheetlike and ramiform precipitates on coatings For the identification of the sheetlike and ramiform precipitates, plan-view high-resolution TEM images HRTEM of the specimens prepared by ion milling were obtained and compared with that of granular anatase precipitates formed on the coating with neither vibration nor electric field. The HRTEM images and corresponding Fourier transform patterns of granular, sheetlike and ramiform precipitates are shown in Fig. 5 . Preparation conditions of the granular, sheetlike and ramiform precipitates are the same as for those in Fig. 4 . Crystallites of approximately 30 nm with a lattice fringe of 0.35 nm corresponding to the lattice spacing of 101 in anatase are observed Fig. 5a . Sheetlike crystallites of 100-200 nm length and less than 10 nm thickness are formed Fig. 5b . The sheetlike crystallites consist of layers with a spacing of 0.6-0.63 nm and include layers with a spacing of around 0.8 nm. Spots corresponding to the lattice spacing of 0.6 nm are seen in the Fourier transform patterns. On the other hand, ramiform crystallites are generally less than 100 nm in length and about 10 nm in thickness Fig. 5c . The round precipitates and sheetlike precipitates indicated by the arrows in Fig. 5c are observed, where two or three sheets with the spacing of 0.6 nm are identified. Spots corresponding to the lattice spacing of 0.35 nm, which is equivalent to the lattice spacing of 101 in anatase are seen in the Fourier transform patterns, whereas the spots corresponding to the lattice spacing of 0.6 nm of sheetlike precipitates Fig. 5b are not distinct. This is probably due to the high dispersion of sheetlike nanocrystals as a monolayer. The difference in crystalline shapes between granular, sheetlike and ramiform nanocrystals formed by hot-water treatment is confirmed from these HRTEM images and Fourier transform patterns.
Electron diffraction patterns from anatase and titania nanosheet are shown in Fig. 6 . Anatase and titainia nanosheet represent the granular precipitates obtained without external field and the sheetlike precipitates obtained with vibration during hot-water treatment, respectively. The observed diffraction pattern from the anatase nanocrystals agrees well with the calculated one. On the other hand, the pattern from péÉÅá~ä fëëìÉ Äó dìÉëí bÇáíçêëW kçîÉä j~íÉêá~äë aÉëáÖå~åÇ mêçÅÉëëáåÖ Äó bñíÉêå~ä åÇ fåíÉêå~ä oÉ~Åíáçå cáÉäÇë the titania nanosheets, which is characterized by three distinctive Deby-Scherrer rings corresponding to 0.19, 0.15 and 0.12 nm, is different from that of anatase, indicating that the crystalline phase of the titania nanosheet differs from anatase. Recently, Sasaki and coworkers reported a hydrated titania nanosheet with a lepidocrocite-like layered structure. 40, 41 The calculated diffraction pattern, using the Debye equation, 42 from randomly oriented monolayers with this lepidocrocitelike structure is shown at the top left in Fig. 6 . The three Debye-Scherrer rings in the pattern observed from the nanosheets are well reproduced. Therefore, it is concluded that the nanosheet consists of hydrated titania such as mTiO 2 ऄnH 2 O with the lepidocrocite-like layered structure. With regard to the identification of ramiform precipitates obtained by electric-field hot-water treatment, the ramiform precipitate consists of both anatase and isolated hydrated titaina with the lepidocrocite-like layered structure.
It has been reported that hydrated titania with a spacing between 0.6 to 0.9 nm can be prepared by ion exchange between protons and alkali ions in alkali titanate, such as Na 2 Ti 3 O 7 , K 2 Ti 4 O 9 or Cs 2 Ti 5 O 11 obtained by a flux method at high temperatures around 1000c C using titanium dioxide and the corresponding alkali carbonate. [43] [44] [45] [46] [47] [48] Regarding hydrated titania nanosheets, Sasaki and coworkers report the synthesis of nanosheets through exfoliation and delamination of hydrated titania flakes obtained through ion exchange.
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However, hydrated titania nanosheet-precipitated coatings obtained by the hot-water treatment with external fields have a unique surface topography. This type of unique coating with nanosheet precipitates is not obtained through conventional sol-gel processes based on the heat treatment of gel coatings from the sols.
6. Formation mechanism of sheetlike and ramiform precipitates The formation mechanism of titania nanocrystals in the gel films with hot-water treatment is fundamentally very important. Tadanaga and coworkers have proposed a dissolution-reprecipitation mechanism for the crystallization of pseudoboehmite g-AlOOH from Al 2 O 3 gel films upon hotwater treatment. Al 2 O 3 gel films dissolve in water and the pseudoboehmite nanocrystals are precipitated. Distinct rapid morphological changes in the surface, reflecting crystal habits, during hot-water treatment are reported. Unidirectinal growth of precipitates and the resultant flowerlike structure are similar to the formation process of hydrated titania and anatase.
49-53
Penn and Banfield present an oriented attachment mechanism for crystal growth and the formation of dislocations for natural iron oxyhydroxide FeOOH minerals and highly ordered titania nanocrystallites. [54] [55] [56] In a natural system, crystals are generally considered to grow upon the addition of individual atoms and ions or the dissolution of unstable phases followed by reprecipitation of a more stable phase. However, iron oxyhydroxide crystals, for example, grow via an oriented attachment mechanism in which adjacent 2-to 3-nm-diameter particles aggregate and rotate such that their structures adopt parallel orientations in three dimensions. Long chains of highly ordered titania are obtained from a solution of sol-gel derived anatase nanoparticles under hydrothermal conditions. Under hydrothermal conditions, rapid growth of anatase particles occurs along =001?, driven in part by the relatively high surface energy of 001 and in part by a kinetic effect involving a cyclic generation of highly reactive adsorption sites. Juggling of nanoparticles by Brownian motion allows adjacent particles to rotate into the low-energy configuration represented by a coherent particle-particle interface. In aggregation-based growth, reduction of surface free energy is achieved by the complete removal of pairs of surfaces.
Kavan et al. 57 and another research groups 26, 58, 59 reported the preparation of TiO 2 films on electrodes by anodic oxidative hydrolysis of TiCl 3 . They proposed the formation of Ti IV oxo species in TiCl 3 aqueous solutions by anodic oxidation under hydrothermal conditions. Grimes et al. reported a magnetically driven method for controlling nanodimensional porosity in sol-gel derived metal oxide films such as TiO 2 , Al 2 O 3 and SnO 2 coated on ferromagnetic substrates. 60 The process involves the attraction of the moving charged sol particles to the out-of-plane magnetization vector of the substrate's domain walls through the associated Lorentz force, thereby replicating the domain wall structure of the substrate in the deposited metal oxide film.
The proposed mechanism of titania nanocrystal growth on SiO 2 -TiO 2 coatings with hot water in the present work is as follows: i hydrolysis of Si-O-Ti bonds and dissolution of the SiO 2 component, ii migration of hydrolyzed titania species from the interior to the surface of the coating, and iii nucleation and growth of anatase nanocrystals at the surface of the residual coating. IR absorption spectra showed that applying vibration during hot-water treatment dose not accelerates hydrolysis of Si-O-Ti bonds or dissolution of the SiO 2 component. Therefore, the formation of anatase nanoparticles and hydrated titania is dominated not by the hydrolysis of Si-O-Ti bonds or the dissolution of the SiO 2 component but by nucleation and growth of hydrolyzed titania species at the surface of the coating. Rapid water flow driven by vibrations probably increases the collision rate between the gel coating and water molecules, and lowers the surface concentration of hydrolyzed titania species. This facilitates the formation of nanocrystals that include proton, hydroxyl and oxonium ions in their structure, which should prevent the formation of anatase or the transformation from 
hydrated titanate to anatase, and allows the growth of hydrated titania into nanosheets. The chemical state and size of the hydrolyzed titania species are still not clear, however the orientation by the oriented attachment mechanism that was seen in titania nanocrystals is not observed for anatase and hydrated titania generated from the titania species under hotwater treatment. Anatase precipitates form on the SiO 2 -TiO 2 coatings containing different amounts of TiO 2 , i.e., 9, 16.5 and 33 molಚ, during hot-water treatment without external field. Thus the enhanced interaction between hydrolyzed titania species and water due to the vibration is considered to have a greater influence on the formation of titania nanosheets than the chemical composition of the coatings. Ramiform precipitates formed by the electric-field hotwater treatment contain considerable amounts of hydrated titania having a layered structure. Therefore, an electric field should allow hydrolyzed titania species to preferentially form hydrated titania on the SiO 2 -TiO 2 gel coatings at the negative electrode. This phenomenon is analogous to that observed on the coating with hot-water treatment with vibration of the substrate. In the case of the vibration hot-water treatment, the formation of nanosheet-like hydrated titania is probably achieved by the lowering of the concentration of hydrolyzed titania species at the surface of the coating due to rapid water flow driven by the vibration. The detailed mechanisms of the formation of ramiform precipitates under an electric field are still not clarified, whereas the electrostatic repulsion between the hydrolyzed, negatively charged titania species 61,62 and the negative electrode may lower the concentration of titania species at the surface of the coating and hence permit the preferential formation of hydrated titania and the ramiform structure. Another important factor to be discussed is the effects of redox at the electrodes and the higher pH of the hot water in the vicinity of the electrode; i.e., OH ࢬ is generated from water near the negative electrode. Further detailed electrochemical analyses of the electric-field hot-water treatment of SiO 2 -TiO 2 gel coatings are required. The identification of hydrolyzed titania species is important.
The above phenomena demonstrate that the crystalline phase and the morphology of nanocrystal-dispersed materials can be controlled by treating sol-gel derived multicomponent gels with hot water with external vector fields such as vibration and electric voltage. It is a low temperature, eco-friendly process and useful for creating advanced artificial coatings.
Characterization of coating properties
Several important characteristics, such as transparency, photocatalytic activity, wettability for water and antifogging property, of titania nanocrystal-dispersed coatings are described in this section. Figure 7 shows the optical transmittance of granular anatase obtained without external field and sheetlike hydrated titania coatings obtained with vibration of ca. 6 Hz on silica glass substrates after hot-water treatment at 90c C for 5 h. The transmittance of both coatings is as high as about 90ಚ in the visible range including Fresnel's reflectance, indicating that the anatase nanocrystals and hydrated titania nanosheets cause no light scattering. The absorption edge is estimated to be about 360 nm for both coatings. Interference wavy patterns are very small, which means that the refractive index of the coatings almost matches that of the silica glass substrate due to large porosity at the surface of the coating and the presence of a silica-rich underlayer. Figure 8 shows optical transmission spectra of the SiO 2 -TiO 2 coatings on ITO-coated soda-lime glass substrates used as negative electrodes after hot-water treatment at 90c C for 5 h under various electric fields. The wavy patterns reflect the interference at the interfaces of air SiO 2 -TiO 2 coating ITO coating glass substrate. The ramiform shape of the titania precipitates becomes significant with increasing the applied voltage, and the coatings gradually become darker. The changes in the wavy patterns of the transmittance are caused by the changes in optical properties, such as refractive index and thickness, of the SiO 2 -TiO 2 coatings during the hot-water treatment. The maxima, i.e., peak values, of transmission spectra of the coatings obtained by applying 3 and 5 Vcm ࢬ1 are as high as 90ಚ, which is comparable to that of as-prepared coating. This indicates that the coatings treated under an electric field lower than 5 Vcm ࢬ1 is transparent independent of the formation of ramiform precipitates. On the other hand, the transmittance of the coating applied with 10 Vcm ࢬ1 is lower than 30ಚ in the visible range. The colored coating obtained with 10 Vcm ࢬ1 becomes transparent after a heat treatment at 400c C in air. Therefore, the reduction from Ti 4ࢪ to Ti 3ࢪ in the coating causes the coloration of the coating. Drastic decreases The wettability of solid surfaces with liquids is governed by the chemical property, i.e., surface energy, and the microstructure of the surfaces. For instance, fine roughness enhances the hydrophilicity and hydrophobicity of the solid surfaces. Figure 10 shows changes in the contact angle for water of the SiO 2 -TiO 2 coatings after hot-water treatment. Open squares, closed circles and open triangles denote the same conditions as described for Fig. 9 . Before hot-water treatment, the contact angle for water of the coating was 55-68c . The contact angle decreases with treatment time under all conditions. This is caused by chemical and geometrical effects, that is, the increase in surface energy due to the elimination of residual organic groups and the formation of the very small roughness shown in Figs. 2-4 . When the coating is treated with hot water without external fields, the contact angle for water of the coating decreases to a minimum after 1 to 2 h and then slightly increases during the treatment. The slight increase in contact angle implies that the chemical property of the surface has changed. SiO 2 is well known to show a lower contact angle for water, i.e., higher surface energy, than TiO 2 , so that the SiO 2 -rich underlayer may become covered with anatase nanocrystals. On the other hand, when the coating is treated with hot water under vibration or electric field, the contact angle gradually decreases and becomes less than 5cwithin 5 h of treatment time, which corresponds to the increase in surface roughness shown in Fig. 9 . The surface of the underlayer is considered still to be incompletely covered with sheetlike or ramiform precipitates even after the treatment for 5 h.
Changes in contact angles for water of the coatings during storage in the dark under ambient atmosphere are of practical importance. In the dark, photocatalytic decomposition of organic adsorbates owing to titania is not expected, thus the contact angles for water of the titania coating increase due to the increase in the amounts of adsorbates on the coating as well as the structural changes of surface OH groups during storage. For instance, the contact angle for water of the pure anatase coating prepared by the conventional heat treatment at 500c C is about 40c and rapidly increases to about 80c over several days. On the other hand, titania nanocrystal-dispersed coatings obtained from SiO 2 -TiO 2 coatings by hot-water treatment retain low contact angles for water during storage in the dark owing to the large roughness, and unique morphology as well as high surface energies of the hydrated titania and the silica-rich underlayer. For example, the sheetlike hydrated titania nanosheet-precipitated coatings retain good hydrophilicity even after storage in the dark for 2000 h.
High photocatalytic activities of granular anatase and sheetlike hydrated titania coatings obtained by the hot-water treatment without and with vibration are confirmed, whereas ramiform titania coatings obtained by the electric-field hotwater treatment show lower photocatalytic activities. The high photocatalytic activity of granular anatase and sheetlike hydrated titania coatings can be ascribed to the higher specific area as well as the good titania crystallinity. The lower activity of the ramiform titania coatings, in spite of the high specific surface area, is attributable to the presence of a small amount of Ti 3ࢪ ions or O 2ࢬ vacancies, which act as trapping sites for photoexcited electrons and holes.
A photograph of the antifogging properties of the coatings is presented in Fig. 11 . Three kinds of glass substrates with coatings, which have been kept in the dark place 2000 h, are placed over hot water of 90-80c C. The samples have a pure anatase coating obtained from pure TiO 2 gel film by heat treatment at 500c C, b anatase nanocrystal-dispersed coating obtained by the hot-water treatment without external fields and c hydrated titania nanosheet coating obtained with vibration hot-water treatment. Among the three kinds of coatings, c is seen to show the best antifogging property, indicating the hydrated titania nanosheet-precipitated coatings to be versatile for applications in the field of optics as well as External-Field Hot-Water Treatments of Sol-Gel Derived SiO 2 -TiO 2 Coatings for Surface Nanostructure Control ââA Reviewââ péÉÅá~ä fëëìÉ Äó dìÉëí bÇáíçêëW kçîÉä j~íÉêá~äë aÉëáÖå~åÇ mêçÅÉëëáåÖ Äó bñíÉêå~ä åÇ fåíÉêå~ä oÉ~Åíáçå cáÉäÇë photocatalysts.
8. Summary and outlook A concept of the material design based on external-field hot-water treatment for sol-gel derived films and the effects on the formation of titania nanocrystals from the films were discussed. Promising characteristics of the resultant titania nanocrystal-dispersed coatings with unique morphology were described. Unique coatings of sheetlike and ramiform titania nanocrystals with excellent wettability for water and antifogging properties were prepared by treating sol-gel derived SiO 2 -TiO 2 films with hot water of 90c C under vibration and electric field. The titania nanocoating is schematically illustrated in Fig. 12 . The sheetlike and ramiform titania precipitates include layers with a spacing of about 0.6 nm and were identified as hydrated titania with a lepidocrocite-type structure. The residual SiO 2 -TiO 2 films have a composition gradient in the direction from the surface to the substrate due to the leaching of hydrolyzed titania species. The formation of sheetlike and ramiform titania precipitates is most likely due to the lowering of the concentration of hydrolyzed titania species at the surface by rapid water flow driven by the vibration or the electrostatic repulsion between the charged species and the electrode. Identification of hydrolyzed titania species, quantitative analysis of mass changes in the coatings during the external-field hot-water treatment, and electrochemical analysis are very important for clarifying the formation mechanism of the titania precipitates. In addition, the effects of other external fields, such as alternate current electric field, strong magnetic field and sonic field, on the formation of crystallites from gel films are also of interest. The new approach described here is a low temperature, eco-friendly process and provides a promising route for dramatically modification of the physicochemical properties and surface reactivity of nanocrystal-dispersed coatings.
